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, CA and CB, The VCO's oscillator signal, taken from the drain of FET QA or QB, is provided at 
variable oscillator frequency fo given as: 



Ztc^LqCo 



(1) 



where Lo is the fixed inductance of each of inductors LA and LB, and Co is the variable 
alternating-current ("AC") capacitance of each of varactors CA and CB. A control voltage (not 
shown) is applied to varactors CA and CB to control the value of capacitance Co and thus 
oscillator frequency fo. 

[0005] Fig. 2a depicts a conventional single-ended Colpitts VCO formed with n-channel 
enhancement-mode insulated-gate FET QC, fixed-value inductor LC, current source IC, fixed- 
value capacitor CC, and yaractor CE. A differential version of the single-ended VCO of Fig. 2a 

is depicted in Fig. 2b. The VCO in Fig. 2b consists of identical common-gate n-channel 

\denthcal corre^ f Sources JCand 10^ 
insulated-gate FETs QC and QD, identical fixed-value inductors LC and LDfSdentical fixed- 
value capacitors CC and CD, and varactor CF. Letting Lo here represent the inductance of each 
of inductors LC and LD, the oscillator in each of Figs. 2a and 2b provides an oscillator signal at 
variable frequency fo determined from Eq. 1 where capacitance Co is now the series combination 
of (a) the fixed capacitance of each of capacitors CC and CD and (b) either the variable 
capacitance of varactor CE or twice the variable capacitance of varactor CF. A control voltage 
(not shown) is applied to varactor CE or CF to control. its AC capacitance and thus frequency fo. 

[0006] Varactors such as varactors CA, CB, CE, and CF can be implemented in various ways. A 
common varactor is a semiconductor junction varactor formed with a p-n diode having a reverse- 
biased p-n junction. A simplified example of a conventional junction varactor is shown in Fig, 3 
where item 20 is a p-type body region of a semiconductor body. Moderately doped (p) material 
of body region 20 forms p-n junction 22 with heavily doped n-type region 24. Regions 20 and 
24 respectively constitute the diode's anode and cathode. 

[0007] Cathode electrode 26 contacts cathode region 24 along the upper semiconductor surface. 
Body electrode 28 contacts body region 20, typically through heavily doped p-type material (not 
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me.,s ..face d^,e«o„ re^„„ 48, ex.end. along each p-n J„„c,io„ 54 ' 

l«020, Fig. 6 n,us,..es ,he .i.„a„„„ ,„ «v„ junc/on re^o„= 52 a,e presen, i„ a deep 
depletion msulated-gate varactor With tu ^ ■ Presem m a deep 

o.e..e.™c..e:.„r::: i::.^^^^^^^ 

.og«.e„a.e..a„.e„.„g._eandlrC^ r^^^^^^^^ 

region 52 is typically replaced with Hi.. ^- ^ P'^'^"'' 

c.:a.er:r^z~ 

^11^-^ except mat the presence of unction ^emnnrc^ 
cause. .„ve.,o„ ,aye. 50 ,„ „cc„ a. a ^ea.er posiHve value of gate-o- Jdy 1 
an o,he™.se con^sponding dep,e.on varaCr. Maxta™ surface dep,e,J 2^ 
.He^dep,e«„„ c.„,..,..,,.,,,^ 

Ref ™g .o cu.e C of Fig 5, capaci.ance .,i„ c^Coo. reaches a lower value „i.h deep 
.e..„va,.c.or.han.,,h.hedep,e,io„varac.or.According^^^ 

As r sul, ,he deep dep,e„„„ varac.or achieves a higher n,axin,u™-u,-mi„i„,un, varac.or ' 

pac ance ra.,„ .han U,e dep,e,ion varac.or. h. pa„icu,ar. .he n,axin,un,..o.™ini™r 
capacance ra„o fo. a deep dep,e.ion va..c.„r can readily be , 5 - 20 a, s,a.e of , . 

gale dielectric .hickness^io. ^" al state-of-the-art values for 

generally shown .„ Fig. Wong, varactor is created body reg,on 60 of a ' 

sen,,co„ductorbody. "^i-g somewhat unusual tenninology, Wong's varactor i„„, d k -, 

dopeVJU"sou.ce-62a„dheavilydopeSii?i.drai„"lir, ' 
other alono.h. P/*^*^ <™'" " 'a'^rally separated from each 

other along the upper semiconductor surface Gate diek^.„v i, 

^™..er.^^ 

reports that .he varactor capacitance is defined as the capacitance looking into .he d.in node 
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[00231 Wong's varactor is operated in two modes with source voltage Vs being ground reference 
(0 volt) in both modes. In one mode, drain voltage Vq is also at ground while gate voltage Vq is 
variable. Surface depletion region 70 extends along the upper semiconductor surface below gate 
electrode 68 and meets drain 64. Surface depletion region 70 merges into junction depletion 
region 72 extending along the p-n junction between body region 60 and source 62. Reducing 
gate voltage Vc in this mode causes the thickness of composite depletion region 70/72 to 
increase so that the varactor capacitance decreases. In the second mode, gate voltage Vq is at 
ground while drain voltage Vd is variable. Increasing drain voltage Vd causes the thickness of 
junction depletion region 72 to increase, thereby reducing the varactor capacitance. Inversion 
along the upper semiconductor surface below gate electrode 68 limits the maximum thickness of 
junction depletion region 72 and thus the minimum varactor capacitance in this mode. 

[0024] Wong reports maximum and minimum capacitance values which appear to yield a 
maximum-to-minimum varactor capacitance ratio of 3 - 4. This varactor capacitance ratio is 
relatively low and, in fact, is lower than that typically achievable with either of the depletion 
insulated-gate varactors described above. As in the other varactors described above, the 
maximum-to-minimum capacitance ratio in Wong is determined primarily by the device 
metallurgical structure and is largely not independently controllable by the circuit designer. 

[0025] Switched-capacitor varactors are employed in some applications. Although a high 
maximum-to-minimum varactor capacitance ratio can be achieved with a switched-capacitor 
varactor, it typically occupies a large semiconductor layout area. Switched-capacitor varactors 
require switching control and thus are also relatively complex. 

[0026] It would be desirable to have a varactor which is of relatively simple design and which 
can readily achieve a high maximum-to-minimum varactor capacitance ratio. It would also be 
desirable to be able to change the maximum-to-minimum varactor capacitance ratio by 
appropriately adjusting certain lateral varactor layout dimensions. 

GENERAL DISCLOSURE OF THE ENVENTION 

[0027] The present invention furnishes a semiconductor junction varactor that employs gate 
enhancement for enabling the varactor to achieve a high ratio of maximum varactor capacitance 
to minimum varactor capacitance. The maximum-to-minimum capacitance ratio for the present 
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gate-enhanced junction varactor can easily be well in excess of 10. More particularly, the 
present varactor can readily achieve a rnaximum-to-niinirnurrrp^faraetei:;^ ratio in the vicinity of 20 
or more. The varactor of the invention is of relatively simple design. No special processing 
techniques are needed to fabricate the present varactor. Consequently, it can be fabricated 
according to a semiconductor manufacturing process having a capability for providing p-n diodes 
and insulated-gate FETs. 

[0028] Importantly, the maximum-to-minimum capacitance ratio for the gate-enhanced junction 
varactor of the invention depends on the amount of gate enhancement, a feature determined by 
the varactor*s lateral dimensions. Accordingly, the maximum-to-minimum capacitance ratio can 
be set to achieve a specific value by appropriately selecting the varactor's lateral dimensions. 
The present varactor can thereby be readily incorporated into a general methodology for laying 
out and fabricating integrated circuits. In addition, the lateral area occupied by the varactor of 
the invention is small compared to that occupied by an otherwise comparable switched-capacitor 
varactor. 

[0029] More particularly, a varactor configured according to the invention contains a plate 
region and a body region of a semiconductor body. The plate and body regions are of opposite 
conductivity type and meet each other to form a p-n junction, A dielectric layer is situated over 
the semiconductor body and contacts the body region. A gate electrode is situated over the 
dielectric layer at least where the dielectric layer contacts material of the body region. Plate and 
body electrodes are respectively connected to the plate and body regions. 

[0030] The capacitance of the present gate-enhanced junction varactor is taken between the plate 
and body electrodes. A suitable plate-to-body bias voltage of a variable magnitude is applied 
between the plate and body electrodes so that the p-n junction is not conductively forward 
biased. The p-n junction is normally reversed biased over the large majority of the range across 
which the plate-to-body voltage varies. A junction depletion region extends along the p-n 
junction. With a suitable gate-to-body bias voltage applied between the gate and body 
electrodes, a surface depletion region is formed in the body region below the gate electrode and 
merges with the junction depletion region. The gate-to-body voltage is controlled in such a way 
that an inversion layer forms in the surface depletion region at a certain value of the plate-to- 
body voltage. The inversion layer disappears when the plate-to-body voltage is appropriately 
adjusted in a specified (positive or negative) maimer. 
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where plate voltage Vp and body voltage Vb are defined relative to an arbitrary reference point 
such as ground potential (again, 0 V). 

[00701 The structure of Fig. 8 functions as a varactor in accordance with the invention when p-n 
junction 104 is not forward biased so as to conduct significantly. Accordingly, the magnitude 
and polarity of plate-to-body voltage Vr are controlled such that junction 104 is either reversed 
biased or is forward biased but below the threshold point for significant conduction. When 
junction 104 is reverse biased, plate voltage Vp is at a higher DC electrical potential than body 
voltage Vb since plate region 102 is of n-type conductivity. Plate-to-body voltage Vr is then 
positive. 

[0071] When p-n junction 104 is forward biased below the threshold conductive point, plate-to- 
body voltage Vr is negative but exceeds a negative junction threshold value Vro at which 
junction 104 first becomes significantly forwardly conductive. Negative junction threshold value 
Vro generally equals -Vp where Vp is the forward voltage drop of 0.6 - 0.7 V at which a p-n 
junction, i.e., junction 104 here, becomes significantly conductive in the forward direction. 
Hence Junction threshold value Vro is normally -0.6 - -0.7 V, typically -0.7 V. Overall, voltage 
Vr is controlled so as to be greater than negative junction threshold value Vro. 

[0072] With body voltage Vb applied to body electrode 1 16, gate-to-body bias voltage Vgb is 
applied between gate electrode 112 and body electrode 1 16 by applying a DC gate voltage Vg to 
gate electrode 1 12. Gate-to-body voltage Vgb is specifically defined as: 

Vgb=Vg-Vb (11) 

where gate voltage Vg is defined relative to the same arbitrary reference point, e.g., ground, as 
Yp 

plate voltage^^i^and body voltage Vs. Gate-to-body voltage Vgb is generally at least zero and is 
normally positive. As discussed further below, voltage Vgb is normally substantially constant or 
is controlled as a function of plate-to-body voltage Vr. 

[0073] Under the preceding conditions for bias voltages Vr and Vgb, a junction depletion region 
118 extends along p-n junction 104. Junction depletion region 1 18 consists of a body-side 
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where tdjmax is the maximum value of thickness t<ij of junction depletion region 118 when voltage 
Vr equals Vrh^x. 

[0095 J By combining Eqs. 14 and 21, the ratio of maximum varactor areal capacitance CvAmax to 
minimum varactor areal capacitance CvAmin for the varactor of Fig. 8 is approximately: 



"VAmax 



"VAmin 



^dJmax 
V ^dJmin J 



'•dJmax 



t 



(22) 



dsmin J 



Per the approximation of Eq. 22, the maximum-to-minimum varactor capacitance ratio for the 
present gate-enhanced junction varactor is a function of (a) the maximum-to-minimum thickness 
ratio tdjmax/tdjmin for junction depletion region 118, (b) the gate-enhancement area ratio Ai/Ap of 
inversion area Ai to plate area Ap, and (c) the mixed gate-enhancement thickness ratio tdjmax/tdsmin 
of maximum junction depletion thickness tdjmax to minimum surface depletion thickness t<ismin. 

[0096] Thickness values t^jmax and^^tgi;?im^ for junction depletion region 118 can be determined 
approximately from Eq. 3 presented above for the conventional junction varactor of Fig. 3. For 
uniform acceptor body dopant concentration Nb in region 118, the maximum-to-minimum 
thickness ratio for region 1 18 is approximately: 



^dJmax _ I ^Rmax ^Bl (23) 
^dJmin V ^Rmin "•" ^BI 
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where V„ is ,he buil.-in vo„age of p-n junccion 104. The righ.-hand .ide of Eq 23 is U,e 
n,ax,mum-,o.mi„tau,n varaCor capactace ,.Uo given by E,. 4 for .he conventional Juncion 
varacor of Fig. 3 a. unifo™ body dopan. concenlrahon in body-dde portion 32 of junclion 
depletion region 30. ,f gate electrode 1.0 were absent so that inversion area A, is zero in ,he 
varactor of Fig. 8, the capacitance ratio given by E,. 22 for the present gate-enhanced junction 
varactor would (as expected) devolve to.that given by Eq. 4 for the conventional junction 



varactor. 



10097) In addition to the .^™./t,^„ junction depletion thickness ratio, the maximum-to- 

""""SjX^^rnl""" ofFig. 8 contains, as indicated byEq. 22, a 

f-^o'/AMpifta^^te^that arises flon, the gate enhancement. The ..Wt.„, mixed gate- 
enhancement thiclcness ratio is greater than 1 . Accotdingly, the maximum-,o-minimum va^ctor 
capactance ratio for the varactor of Fig. 8 can be made quite high by choosing the AMp gate- 

enhancement area ratio to be high. 

10098) For exan,ple, minimum surface depletion thiclcness ^,„, typically approximately equals 
m.n,mum junction depletion thickness t„.„. Typical values for end-point voltages and 

Vftmin are 2 and -0.5 V. With built-in vnltpap v k^;^^ 

wun Duut m voltage Vb, being approximately 0.9 V, application of Eq 

23 yields a value of 2.5 - 3 for each of thickness ratios L,,™ /t. and f A 

^■'"^"'^jmrn and tdjmax/tdsmin. At a moderate 
A,/Ap area ratio of 4, the CvWCva.. capacitance ratio is 10 - 15 for the varactor of Fig 8 
For a higher A,/Ap area ratio of 8 - 10, the Cv.../Cv... i^tio is 20 - 30. The varactor of Fig 8 
can achieve yet higher values of the maximum-to-minimum capacitance ratio by utilizing values 
ot the Ai/Ap area ratio in excess of 10. 

[0100] Fig. 9a illustrates a silicon-gate implementation of the n-cham,el gate-enhanced junction 
varactor ofFig. 8 in accordance with the invention. In the implementation of Fig 9a body 
electrode 1 16 contacts body region 100 along upper semiconductor surface 106 through a 
heavily doped p-type body contact portion 132ofregion 100. Body contact portion 132 is 
spaced laterally apait from surface depletion region ,26 and also from junction depletion region 

1 1 O. 

[0101] Gate electrode 1 12 here consists of very heavily doped n-t>pe polysilicon. Hence, gate 
electrode ,12 is of the same conductivity type (n-type) as plate region ,02. Two portions of 
electrode , 12 are depicted in Fig. 9a. These two portions can be two laterally separated gate 
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[0105] Gate electrode 1 12 in the implementation of Fig. 9b consists of a lower electrode portion 
11 2L and an upper electrode portion 1 12U. Lower electrode portion 1 12L is formed with very 
heavily doped n-type polysilicon. Similar to what occurs in the implementation of Fig. 9a, lower 
electrode portion 1 12L is thus of the same conductivity as plate region 102. Upper electrode 
portion 1 12U consists of metal or/and metal silicide. Similar to what was said above about gate 
electrode 1 12 in Fig. 9a, the two portions of electrode 112 shown in Fig. 9b can be connected 
together outside the plane of Fig. 9b to form a single, normally annular, electrode 1 12. The two 
illustrated electrode portions can also be two laterally separated gate electrodes 1 12. 

[0106] The gate-enhanced junction varactor of the present invention can be implemented in 
p-channel versions as well as n-channel versions. Analogous to Fig. 8, Figs. 10a and 10b 
(collectively "Fig, 10") illustrate a general p-channel gate-enhanced junction varactor in 
accordance with the invention at two stages of varactor operation. The p-channel junction 
varactor of Fig. 10 is formed from a semiconductor body containing an n-type body region 150 
and a very heavily doped p-type plate region 152 that meets body region 150 to form a p-n 
junction 154. Items 156 and 158 in Fig. 10 indicate the upper and lower surfaces of the 
semiconductor body. 

[0107] In addition, the p-channel junction varactor of Fig. 10 contains a gate dielectric layer 160, 

a gate electrode 162, a plate electrode 164, a body electrode 166, a junction depletion region 168 

consisting of a body-side portion 170 and a plate-side portion 172, undepleted p-type material 

174 of plate region 152, a surface depletion region 176, and undepleted n-type material 178 of 

body region 150. An inversion layer 180, here consisting of holes, is formed along upper , 

semiconductor surface 156 below gate dielectric layer 160 and gate electrode 162 to mee^^-fK 
region f 
/''jTlrrctTot^52. Voltages Vg, Vp, and Vb are respectively applied to electrodes 162, 164, and 166 

in the p-channel varactor of Fig. 10 to establish gate-to-body voltage Vgb and plate-to-body 

voltage Vr according to Eqs. 10 and 1 1 just as voltages Vg, Vp, and Vb are applied to electrodes 



the n-channel varactor of Fig. 8 

[0108] Components 150, 152, 154, 160, 162, 166, 168, 170, 172, 174, 176, and 178 in the 
p-channel varactor of Fig. 10 are respectively configured the same as components 100, 102, 104, 
110, 112, 114, 116, 118, 120, 122, 124, 126, and 128 in the n-channel varactor of Fig. 8. 
Likewise, inversion layer 180 forms at the same relative location in the varactor of Fig. 10 as 
does inversion layer 130 in the varactor of Fig. 8. The operational stages of Figs. 10a and 10b 
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respectively correspond to the operational stages of Figs. 8a and 8b. Subject to the voltage 
polarities being respectively reversed in the varactor of Fig. 10 compared to the varactor of Fig. 8 
and subject to the voltage changes occurring respectively in the opposite directions in the 
varactor of Fig. 10 than in the varactor of Fig. 8, the p-channel varactor of Fig. 10 functions in 
the same way, benefits from gate enhancement in the same way, and is employed in the same 
way as the n-channel varactor of Fig. 8. Eqs. 12-23 thus apply directly to the p-channel 
varactor of Fig. 10. 

[0109] Figs. 11a and 1 lb illustrate electronic symbols suitable for respectively representing the 
n-channel and p-channel gate-enhanced junction varactors of the invention. The plus and minus 
signs in Figs. 11a and 1 lb indicate the voltage polarities utilized during all, or nearly all, of the 
operation of the present n-channel and p-channel junction varactors. 

Transition Voltage 

[0110] Transition voltage Vx, the value of plate-to-body bias voltage Vr at which inversion layer 
130 or 180 disappears, is derived in the following manner as a function of gate-to-body voltage 
Vgb- The derivation of transition voltage Vx is performed under the general simplifying 
assumptions employed in Grove, Physics and Technology of Semiconductor Devices (John 
Wiley & Sons), 1967, and does not include quantum-mechanical threshold- voltage corrections 
typically associated with values of gate dielectric thickness too less than 10 nm. The derivation 
is done here for the n-channel varactor of Fig. 8 but, with appropriate reversals in voltage 
polarities, applies to the p-channel varactor of Fig. 10. 

[0111] The Vx derivation is done for a stripe-type (rectangular) geometry rather than an armular 
or other three-dimensional geometry. That is, device characteristics are assumed to vary in two 
directions (or dimensions), namely, the vertical direction and one of the remaining two 
orthogonal directions, but not in the other of the remaining two orthogonal directions. The 
results of the derivation are qualitatively applicable to an annular geometry and are quantitatively 
applicable to an annular geometry for situations in which the radii of curvature in the annular 
geometry are much greater than the gate-dielectric and depletion-region thicknesses involved in 
the electric-field determinations. 

[0112] Assume that acceptor dopant concentration Nb in the body material that forms surface 
depletion region 126 and body-side portion 120 of junction depletion region 1 18 in the varactor 
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of Fig. 8 is uniform. For simplicity, also assume that body voltage Vb is ground reference (0 V). 
The Vx derivation can then be done in terms of plate-to-body voltage Vr and gate-to-body 



equal voltages Vr and Vgb when body voltage Vb is ground. 

[01 13] Consider the situation in which plate-to-body voltage Vr is initially zero. Further assume 
that gate-to-body bias voltage Vgb is at a fixed positive value, i.e., initial value VcBi, greater than 
gate threshold value Vjo where Vjo is again the value of voltage Vgb at which inversion onsets 
when voltage Vr is zero. Since voltage Vgb is greater than threshold value Vjo, inversion layer 
130 is present. The varactor of Fig. 8 is in a condition of strong inversion. 

[0114] Let ViL generally represent the DC electrical potential of inversion layer 130 in Fig. 8. 
Neglecting the vertical potential drop in layer 130, inversion-layer potential ViL^at an initial DC 
value ViLi given as follows when plate-to-body voltage Vr is zero and the varactor of Fig. 8 is in 
strong inversion: 



where <t>s,inv is the surface potential at inversion, and (S>fp is the Fermi potential of the p-type 
semiconductor material in surface depletion region 126. Fermi potential Opp is determined from: 





(25) 



where k is Boltzmann's constant, T is the temperature, and nj is the intrinsic carrier 



concentration. 
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[0115] Let VpR represent the DC electrical potential of plate region 102 in Fig. 8. Even though 
plate-to-body potential Vr is zero, plate-region potential VpR is at an initial positive DC value 
VpRi due to built-in potential Vbi across p-n junction 104. Initial value VpRj is given as: 



V, 



PRi 



= ^Fp+<l>Fn 



«2<D 



Fp 



(26) 



where Vpn is the Fermi potential of the n-type semiconductor material in plate region 102. Since 
plate-region potential Vpr approximately equals inversion-layer potential Vil at this point, the 
electrons in inversion layer 130 have no physical impetus for leaving layer 130 and thus stay in 
layer 130 close to upper semiconductor surface 106. 

[0116] Gate dielectric layer 112 takes up the potential between body region 100 and inversion 
layer 130. The DC potential difference Vgd across gate dielectric 1 12 is at an initial DC value 
VcDi given as: 



GDi 



= VGB-VpB-V,Li 



«Vgb-Vfb-20pp 



(27) 



where'ps^ is the flat-band voltage. 

[0117] The electronic charge in inversion layer 130 and surface depletion region 126 consists of 
surface electrons in layer 130 and bulk ionized acceptor atoms in region 126 and layer 130. Let 
QnA represent the charge per unit area of the electrons in inversion layer 130 while Qba is the 
charge per unit area of ionized acceptor atoms in depletion region 126 and layer 130. Areal 
charges QnA and Qba are both negative in sign and have respective initial values QnAi and Qbai 
when gate-to-body voltage Ve is at initial value VcBi while plate-to-body voltage Vr is zero. 
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may, in some cases, be of substantially zero impedance (0 ohm). Hence, component ZH or ZL 
can be simply an electrical line. 

[01501 High-bias impedance component ZH is part of a high-bias electrically conductive DC 
path which extends through circuit 230 and through which high-bias capacitance signal path line 
236 is electrically coupled to the Vhh high voltage supply. Low-bias impedance component'^is 
similarly part of a low-bias electrically conductive DC path which extends through circuit 230 
and through which low-bias capacitance signal path line 238 is electrically coupled to the Vll 
low voltage supply. 

[0151] Varactor control system 232 fumishes varactor CI with gate voltage Vg and body voltage 
Vb at values which normally vary during circuitry operation but whose difference Vgb is 
maintained largely constant at initial value Vcsi- In particular, gate electrode 1 12 of varactor CI 
receives gate voltage Vq on a high-bias control line 240 connected to control system 232. Body 
electrode 1 16 similarly receives voltage Vb on a low-bias control line 242 connected to system 
232. Since varactor CI is of n-channel type, voltage Vq on high-bias control line 240 is 
normally greater than voltage Vb on low-bias control line 242. 

[01 52 J Control system 232 contains a high-bias DC voltage source 244 and a low-bias DC 
voltage source 246. High-bias voltage source 244 is coupled between high-bias control line 240 
and low-bias path line 238 by way of an electrical line 248. Low-bias voltage source 246 is 
similarly coupled between low-bias control line 242 and path line 238 by way of an electrical 
line 250. Voltage sources 244 and 246 thus respectively furnish DC gate voltage Vg and DC 
body voltage Vb. 

[0153] Low-bias voltage source 246 is in the capacitance signal path since body electrode 1 16 is 
in the capacitance signal path. Accordingly, the capacitance signal path consists of high-bias 
path line 236, plate electrode 114, body electrode 1 16, low-bias control line 242, low-bias 
voltage source 246, electrical line 250, and low-bias path line 238. Gate electrode 1 12 is outside 
the capacitance signal path. Also, control system 232 is normally connected between the Vhh 
and Vll voltage supplies. 

[0154] Gate-to-body voltage Vgb is, as indicated above, provided at largely constant value VcBi 
to varactor CI during operation of the electronic circuitry in Fig. 17. Since voltage sources 244 
and 246 respectively provide gate voltage Vg and body voltage Vb whose difference is 
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[0167] In some implementations of the circuitry of Fig. 17, DC plate voltage Vp can vary during 
circuitry operation provided that voltage Vp varies differently than body voltage Vb. The 
variation in voltage Vp is achieved by appropriately varying internal voltage drop Vk- Body 
voltage Vb can, in fact, sometimes be largely constant (relative to low supply voltage Vll). In 
any event, DC plate-to-body voltage Vr varies upward or downward to adjust the Cv value as 
needed. 

[0168] The general circuitry of Fig. 17 can be readily modified to use a p-channel version of the 
present gate-enhanced junction varactor in place of n-channel junction varactor CI . One way of 
implementing this modification is to reconfigure the circuitry so that it is interconnected in a 
complementary (mirror-image) manner to what is shovra in Fig. 17. That is, high-bias 
capacitance signal path line 236 can be connected directly to voltage sources 244 and 246 in 
control system 232. Using the electrode reference symbols of Fig. 10, low-bias capacitance 
signal path line 238 is connected to plate electrode 164 of the p-channel varactor. With the 



electrode 1 66 of the p-channel varactor are respectively connected to voltage sources 244 and 
246. Due to the polarity direction reversal, voltage source 244 provides gate voltage Vq at a 
lower value than body voltage Vb provided by voltage source 246. When present, level shifter 
234 is connected between circuit 230 and the Vll supply. 

[0169] An extension, or application, in accordance with the invention of the general electronic 
circuitry of Fig. 17 to the use of a pair of n-channel versions of the present varactor with 
symmetrical circuitry is presented in Fig. 18. As in the circuitry of Fig. 17, gate-to-body voltage 
Vgb is maintained approximately constant during varactor operation in the general electronic 
circuitry of Fig. 1 8. The components of the electronic circuitry of Fig. 1 8 consist of a general 
symmetrical electronic circuit 260, a pair of largely identical n-channel gate-enhanced junction 
varactors CI and C2 configured according to the invention, varactor control system 232, and 
optional level shifter 234. 

[0170] The electronic circuitry, primarily symmetrical circuit 260, in Fig. 18 has a pair of 
capacitance signal paths for respectively receiving varactors CI and C2 in order to enable the 
circuitry to perform an electronic function dependent on variable capacitances Cv of varactors 
CI and C2. Plate electrodes 1 14 and body electrodes 116 of capacitors CI and C2 are situated in 
the capacitance signal paths. Analogous to the electronic circuitry of Fig. 17, one end of the CI 



polarity direction of voltage sources 244 and 246 reversed. 




■cCelectrode 162 and body 
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[0174] Internal circuitry 2601 is also connected to the Vll low voltage supply. To the extent that 
circuitry 2601 is connected by multiple paths to the Vll supply, these connections are made in a 
symmetrical manner relative to high-bias impedance components Zl and Z2. Although not 
indicated in Fig. 18, circuitry 2601 may be coupled to the Vhh high voltage supply by multiple 
symmetrical paths separate from those that go through components Zl and Z2. As a result, 
circuit 260 is internally symmetrical and is symmetrically arranged with respect to varactors CI 
and C2. 

[0175] Varactor control system 232 in the circuitry of Fig. 18 is configured with respect to, and 
controls, varactor CI in the same maimer as in the circuitry of Fig. 17. Control system 232 in the 
circuitry of Fig. 18 is also configured with respect to, and controls, varactor C2 the same as 
varactor CI. Hence, system 232 furnishes each of varactors CI and C2 with gate voltage Vq and 
body vohage Vb at values which normally vary during circuitry operation but whose difference 
Vgb is held largely constant at initial value VcBi- In particular, high-bias DC voltage source 244 
provides gate voltage Vq on high-bias control line 240 to gate electrode 1 12 of each of varactors 
CI and C2. Low-bias voltage source 246 provides body voltage Vb on low-bias control line^;24S^ 
to body electrode 1 16 of each of varactors CI and C2. 

[0176] Neither low-bias capacitance signal path line 236 nor one or more low-bias impedance 
components analogous to low-bias impedance ZL in the circuitry of Fig. 17 appears in the 
circuitry of Fig. 18. Rather than being connected through electrical lines 248 and 250 to low- 
bias path line 238, voltage sources 244 and 246 in control system 232 are connected by electrical 
lines 248 and 250 directly to the Vll low voltage supply in the circuitry of Fig. 18. 

[0177] The second (other) ends of the CI and C2 capacitance signal paths terminate at the Vll 
low voltage supply in the circuitry of Fig. 1 8. With low-bias control line 242 connected to body 
electrodes 1 16 of both of varactors CI and C2, the CI capacitance signal path here consists of 
high-bias path line 236, CI plate electrode 1 14, CI body electrode 116, low-bias control line 
242, low-bias voltage source 246, and electrical line 250. The C2 capacitance signal path signal 
path similarly consists of further high-bias path line 262, C2 plate electrode 1 14, C2 body 
electrode 116, line 242, voltage source 246, and line 250. Gate electrodes 112 of varactors CI 
and C2 are outside the capacitance signal paths. 
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[0178 Altemauvely. varaco. C> and C2 „ay be con.id.red ,o be in a single capacitance signal 
pa* ma, bypasses low-bias volu=ge source 246. In ,ha, case, .he single capacitance signal pa,h in 
«icc,rcuiu,,ofFig. 1 8 consists ofhigh-bias path line 236, CI plate electrode .14 CI body 
electrode 1 16, low-bias control line 242. C2 body electrode 1 16, C2 plate alecttode 1 14 and 
fitrther high-bias path line 262. Gate electrodes 112 are outside the single capacitance signal 
path. Due to (a) the symmetrical arrangement of varacto,^ CI and C2 relative to symmetrical 
cttcu,. 260 and (b) the common symmetrical way in which control system 232 controls vatactors 
CI and C2, the values of capacitances Cv of varactors CI and C2 are substantially the same at 
any t.me dunng circuitry operation. Since varactot, CI and C2 are in series with each other the 
vatactor capacitance in the single capacitance signal path is Cv/2. i.e., the series combination of 
two capacitances Cy. 

I0179I Level shifter 234 is present in some implementations of the circuitry of Fig 1 8 but not i 
others. Analogous to the positioning of shifter 234 in the circuitry of Fig. 17, shifter 234 here is 
connected between electronic circuit 260 and the V„„ high voltage supply. In particular, shifter 
234 .s connected to each of the Zl and Z2 high-bias DC paths so as to be electrically coupled to 
each of h.gh-bias path lines 236 and 262. When shifter 232 is present, circuit 260 effectively 
receives, by way of the ZI and Zl high-bias DC paths, a high supply voltage which is shifter DC 
voltage drop lower than high supply voltage Vhh provided to control system 232 In the 
absence of shifter 232, circuit 260 recdves the same high supply voltage, i.e., Vhh, as system 

[0180] Subject to the above-mentioned configurational differences, the circuitry of Fig 18 
operates similarly to, but in a symmetrical manner compared to, the circuitry of Fig 1 7 Plate 
voltages Vp and Vp., the DC portions of respective composite plate voltage!^ an^p,ovided 
from circmt 260 to plate electrodes 114 of varactors Cl and C2 are maintainCd largely constant 
Each DC plate voltage Vp or Vpp exceeds body voltage V^. Due to the circuitry s>^etry plate 
voltages Vp and Vpp are largely equal. 

[01811 Composite plate-to-body voltage v. consisting of DC plate-to-body bias voltage V. and 
AC plate-to-body voltage v, is applied between electrodes 114 and 1 16 of varactor Gl in the 
crcmtiyofFig. 18 just as in the circuitry of Fig. 17. With low-bias control line 242 also 
provdmg body voltage V3 to body electrode 1 16 of varactor C2, a further composite plate-to- 
body b.as voltage v^ consisting of a ftirther DC plate-to-body bias voltage V^ and a fi^rther AC 
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where constant a is normally less than 1 o n 70 • .- 

^ ^-g ' ^-^^ the linear approximation of Fig 12 

Rearranging Eq. 43 yields the condition: " 



VcB=-^-V. 



a 



TO 



(44) 



for varying voltage Vgb so as to avoid the sham r rh.r. a ■ 

dvoia me snarp Cvw changes depicted in Fig. 1 6 Adiustinp 

voltage Vr. Because constant a is normallv less than i .r^^i , 

luraiaiiy less than I , implementing the condition of Ea 44 

can sometimes be difficult. 

10201, A suitable aUen,a«ve .o U,e co„di,,o„ of E,. 44 is ,„ cono-o, g„e.,o-body voltage Voa so 
that It satisfies the relationship: 



v. = v..v„ ^^^^ 



Where Vop ,s a non-zero constant voltage value. As with Eq. 44, adjusting voltage Vob in 
accordance wtth Eq. 43 results in voltage vat^ng linear,, w,th plate-to-body voltage V. 

mult,p„ed by a non-unitary factor such as constant . in Eq. 44. Imposing the condition of E, 
45 spectfically requires that voltage Von directly track voltage V„ or vice versa. 

^0202, Voltage difference Vo, . v„ is the gate-to-plate voltage for the present varactor 

sulir ' ~ '"^ — a. a 

suitaoie non-zero value. 

10203, Fig. 20a ,„ustra.es how widthwise lineal capacitance Cvw varies with plate-to-body 
™hage V or the sintulated varactor of Pig. I , when gate-to-body voltage is adjusted acling 
-o the condttton of Eq. 45 with gate-to-plate voltage V.. being set a. zero-point gate threshold 
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value v™, approximately 0.45 V. See c^.^ defined by circles in Fig. 20a. For reference 
P-n'oses. F,^B. J^a also repeau .he six c„n-es of Fig. 1 6 a. constant values of voltage Vob As 
.-n^rndtcates. adjusting voltage Vob so that voltage Vop is held constant a. threshold value 
V™ enables capacitance Cv„ to decrease gradually with increasing voluge V« and thereby 
avotds the sharp Cv„ change that occur when voltage Va, is constant. This significantly 
fachtates controlling the varactor capacitance and alleviates ptoblems caused by noise in the 
control path. 

I0204I Fig. 20b depicts how lineal capacitance Cvw varies with plate-,o-body voltage V, for the 
present simulated varactor when gate-to-body voltage Vob is c„„tn>lled accotding to E, 45 with 

""iSb'^ '"'"^ '™8^« fi^- V in 0.1-V increments to 0 6 V See 
cun,es;,^«,-J«4^an<p«a defined by circles in Fig. 20b. As in Fig. 20a, the six curves of 
Ftg. 16 at constant values of voltage V„b are also repeated in Fig. 20b for reference purposes 

ZC8ft,26e%2C£C. 26$D 
102051 Curv.s;5«,^«^a„d>S.i„ Fig 20b show that the Cvw variations with plate-,o- 
body voltage V„ becomes progressively more gradual as gate-,o-pla,e voltage Vor is raised from 

^^M^^!ei!''\VS ' "^^^ °f »•« V. Also, capacitance Cvw for each of curves 
.2«ra«4;4*«^and^'changes approximately linearly with increasing voltage V, over the 
majonty of the minimum-to-maximum varactor capacitance range. This further simplifies 
controlhng the varactor capacitance as a ftmction of voltage Vr. 

10206, ^ong the four values of g^^.p,a,e voltage Vob presented in Fig 20b, fixing voltage 
Vop at 0.6 V as represented by curv^ generally enables the varactor capacitance to be 
controlled best because the change in varactor capacitance with increasing plate-to-body voltage 
V. ,s most gradual. Other considerations may place the optimum value of voltage Voa at a point 

between 0.5 V and 0.6 V. 

. Further Electronic Circuity Cnntain i ne Gate-enh,n.>H T.,„.,„„ 

10207) Fig. 2. illustrates general electronic circuih^ configured in accordance with the invention 
for utrhzrng an n-cham,el version of the present gate-enhanced junction varactor in which gate- 
to-body bias voltage V^b varies with plate-to-body bias voltage V„ in such a way that gate-to- 
plate bras voltage Vo, is held largely constant at a suitable non-zero value. The electronic 
crcurtry of Frg. 21 is connected between voltage supplies V„„ and V„. The components of the 
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or/and one or. more active electrical elements. Any of components ZH, ZL, ZT, and ZU can be 
of substantially zero impedance in some implementations of circuit 270. Each component ZH, 
ZL, ZT, or ZU can thus sometimes simply be an electrical line. 

[0212] High-bias impedance component ZH is part of a high-bias DC electrically conductive 
path which extends through circuit 270 and through which high-bias capacitance signal path line 
236 ,s electrically coupled to voltage setter 274. Analogous to what occurs in the circuitry of 
F.g. 17, low-bias impedance component ZL here is part of a low-bias electrically conductive DC 
path which extends through circuit 270 and through which low-bias capacitance signal path line 
238 is electrically coupled to the Vll low voltage supply. 

[02131 Impedance component ZT is part of an electrically conductive DC path which extends 
through circuit 270 and through which voltage setter 274 is electrically coupled to the Vhh high 
voltage supply. Since the ZH high-bias DC path electrically couples high-bias path line 236 to 
setter 274, the ZH and ZT DC paths are parts of a longer electrically conductive DC path through 
which path line 236 is electrically coupled to the Vhh supply. Impedance component ZU is part 
of an electrically conductive DC path which extends through circuit 270 and through which an 
electrical line 276 connected to gate electrode 1 12 of varactor CI is electrically coupled to the 
Vhh supply. 

[0214] Varactor control system 272 furnishes varactor CI with DC body voltage Vb at a bias 
value which normally varies during circuitry operation. In particular, gate electrode 112 of 
varactor CI receives body voltage Vb on low-bias control line 242 connected to control system 
270. Voltage Vb is provided from a low-bias voltage source 278 connected between control line 
242 and low-bias capacitance signal path line 238. 

[0215] With body electrode 1 16 of varactor CI being in the capacitance signal path, voltage 
source 278 of control system 272 is in the capacitance signal path. Hence, the capacitance signal 
path here consists of high-bias path line 236, electrodes 1 14 and 1 16, control line 242, voltage 
source 278, and low-bias path line 238. Gate electrode 1 12 of varactor CI is again outside the 
capacitance signal path. Also, control system 272 is normally comiected between the Vhh and 
Vll voltage supplies. 

[0216] A composite gate voltage vo consisting of D^J^voltage Vc and an A^^^voltage 
V, IS provided from electronic circuit 270 on electrical line 276 to gate electrode 1 12 of varactor 
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Cl. Impedance componem ZU i. of such a n^,urc in some implemenutions of circui. 270 ,ha. 

U„. 276 ,0 .he V„„ h,gh voltage supply. I%^volUge Vo is ,he„ simply high voltage supply 
V„„, „„m,ally substantially constant. In further implementations where component ZU is of 
substantially zero imp«la„ce, A^CJptet^oltage v, is substantially zero. Compos^±a«,vo.tage 
Vo then devolves to Dg^voltage Vo which equals V„„. 

102.71 Voltage setter 274 is. as indicated above, connected between the ZT DC path and the ZH 
h,g^-b,as DC path. With the ZT DC path being connected to the V„„ high voltage supply, setter 
274 tecetves current fem a,e V„h supply. As this cun.nt flows through setter 274 to circuit 
270, a largely constant volutge drop Vvs occuts across setter 274. The magnitude of voltage 
drop Vvs can be controlled substantially solely by setter 274 or by sener 274 in combination with 
one or more circuitry elements in circuit 270. 

(02.81 With DC voltages Vp and Vb again being ..ferenced to low supply voltage V^ the 
crcuttty of F,g. 2 1 operates generally in the following manner. Voltage setter 274 and 
.mpedance components ZH. ZT, and ZU of circui, 270 together apply a composite gate-to-plate 
voltage vop between gate electrode 1 12 and plate electrode 1 14 at a suitable non-zero value 
Composne gate-to-plate voltage vop consists of DC gate-to-plate bias voltage V^p and an AC 
gate-to-pla,e voltage v„. Components ZH. ZT. and ZU are normally of such a nature that a 
largely constant DC voltage drop Vz occurs across them. This causes gate-to-pla,e bias voltage 
Vop to equal the sum of DC impedance voltage drop Vz and DC setter voltage Vvs. VolUge Vop 
■s thus largely constant at a non-zero value during circuitry operation. 

(02191 In some implementations of circuit 270. impedance components ZH. ZT. and ZU are of 
such a nature that DC impedance voltage drop V. is very close to zero. Ga,e-to-p,ate bias 
vo .age Vop then approximately equals DC setter voKage^" Regardless of whether impedance 
voltage Vz ,s zero or some posi.ive cons.an. value, voltage setter 274 controls the value of 
voltage Vop. Importantly, voluage Vop is controlled by the circuitry of Fig. 21 so as .o be largely 
constant during circuitry operation. 

(0220, DC gate voltage Vo is often largely constant at high supply voltage V„„ or at a value 
close .0. but less than. V„„ in .he circuitry of Fig. 2 1 . Voltage Vo largely equals V„„ when 
.mpedance component ZU is of such a nature that largely no DC voltage drop occurs component 



-60- 



NS-4971 US 
763409 v4 

ZU. In any event, the sum of DC plate voltage Vp and DC plate-to-gate voltage Vgp equals gate 
voltage Vg. Since gate-to-plate voltage Vcp equals the sum of largely constant voltages Vys and 
Vz, plate voltage Vp is a largely constant amount Vvs + Vz below gate voltage Vg. For the 
exemplary situation in which gate voltage Vg is largely Vhh with impedance voltage drop Vz 
being largely zero, plate voltage Vp is largely fixed at Vhh - Vvs. 

[0221] A composite gate-to-body voltage vgb consisting of DC gate-to-body bias voltage Vgb 
and an AC gate-to-body voltage Vgb is applied between electrodes 112 and 116 of varactor CI . 
Unlike the circuitry of Fig. 17 where AC gate-to-body voltage Vgb is zero (or is not present), 
voltage Vgb is present at a variable value in the circuitry of Fig. 21 when impedance component 
ZU is of non-zero impedance so that AC gate voltage Vg is present at a variable value. As in the 
circuitry of Fig. 17, composite plate-to-body voltage Vr consisting of DC plate-to-body bias 
voltage Vr and AC plate-to-body voltage v^ is applied here between electrodes 114 and 1 16 of 
varactor CI. DC gate-to-body bias voltage Vgb equals DC plate-to-body bias voltage Vr plus 
gate-to-plate bias voltage Vcp. Inasmuch as DC gate-to-plate voltage Vqp equals the sum of 
voltages Vvs and Vz, DC gate-to-body voltage Vgb equals the sum of voltages Vr, Vvs, and Vz. 
Again, impedance voltage Vz is sometimes zero or close to zero. 

[0222] In addition to often being largely constant at high supply voltage Vhh or at a value close 

to Vhh, DC gate voltage Vg is normally greater than DC body voltage Vb. Adjusting body 

voltage Vb upward or downward produces an opposite change in gate-to-body voltage Vgb 

which, in turn, produces an opposite change in plate-to-body voltage Vr while gate-to-plate 

voltage Vqp is being held largely constant at Vvs Vz, often approximately Vvs- Varactor CI 

■Ch€> votQcfop or PiQ. 
again operates internally as described above in connection withpftgr-^^^ Varafctor capacitance Cv 

is thereby adjusted in the way generally described above in connection with Eq. 45 to enable the 

circuitry of Fig. 21 to perform an electronic function that varies with the Cv value. 

[0223] Body voltage Vb in the circuitry of Fig. 21 can generally go as low as low supply voltage 
Vll and as high as high supply voltage Vhh- The sum of gate-to-body voltage Vgb and body 
voltage Vb can often be as high as high supply voltage Vhh- Accordingly, gate-to-body voltage 
Vgb can often be varied across a range extending ft-om zero to Vhh - Vll- Inasmuch, as plate-to- 
body bias voltage Vr equals Vgb - Vvs - Vz, minimum plate-to-body voltage VR^in is normally 
-(Vvs + Vz) while maximum plate-to-body voltage Vr^^jj is normally Vhh - Vll ^ Vvs - Vz. The 
VRmin-to-VRniax range is the ftiU supply voltage range Vhh - Vll- 
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102281 The electronic circuitry, prin-arily symmetrical ci„:ui, 2S0. in Fig. 22 has a pair of 
capactance signals path for respectively receiving va^ctors CI and C2 to enable the circuit,^ to 
perfom, an electronic ftncion dependent on variable capacitances Cv. Analogous to the 
e ectronic circnitry of Fig. ,8, one end of theC. capacitance si^a, path in the circuit:, of Fig 
22 a>,.,st. of high-bias capacitance signal path hne 236 that temtinates at ci.n.t 280. One L 

,i 262 hTT'"" """^^^ ------ 

line 262 that also terminates at circuit 280. 

I0229J Symmetrical circuit 280 is fonned with symmetrical intemal circuitry 2801, high-bias 
.mpedance components Zl and 22. a pair of largely identtcal impedance components Z3 and Z4 
an addtttonal impedance component Z5. Analogous to what occut. in .he citcuitry of Fig ' 
IS, .mpedance component Z. and Z2 are respecive parts of a pair of high-bias elecrtcally ' 

c^nducve DC pad,s which extend «.,ough circuit 280 and through which high-bias DC pis 

236 and 262 are respectively coupled to voltage setter 274. 

(0230, Analogous to impedance component ZU in the circuitty of Fig. 21, impedance 
component Z3 is part of an elecMcally conductive DC path which extends through circuit 280 
» U.ough Which electncal line 276 connected to Cl^.e electrode 1 12 is electrically coupled 

the v™ h,gh voltage supply. Impedance compone„f;J^is similarly part of an electrically 
conducive DC path which extends ««ough circuit 280 and through which an electrical line 282 
'"""yi^^ ■ - ^'-"ically coupled to U,e V„„ supply. Analogous to 

.n.pedance;Wp,^ ZH in the circuitry of Fig. 21, imped^ce component Z5 is part of a 

st 27? "^"^ -W^O voltage 

jer 274 ,s electncally coupled to Ure V„„ supply. Accordingly, impedance componen.?X 

^»dZ5 at^epartsofapairof longer electrically conductive DctaiS's ^f^JJS,,^^ 
and 262 are electncally coupled to the V„„ supply. ■ 

I023I, Internal symmetrical circuitry 2801 of circuit 280 consists of electronic citcuitry 
configured symmetrically with respect to impedance components Zl - Z5. Intental circuitry 2801 
an tnteract w.th components Zl - Z5 in vanous ways. For pun„se of generality. Fig. 22 sip ly 
eptcts crcuttry 280, as being connected to components Zl - Z5 by five respective eLtrical 
hues. Strntlar to what was stated above about the four lines shown as connecting intental 
crcuttry 2701 to impedance components ZH. ZL, ZT, and ZU in Fig. 21. the lines shown as 
comrecttng circuitty 280, to components Zl - Z5 in Fig. 22 are intended to represent interactions 
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rather than specific electrical connections. The comments made above the constituency of 
impedance components ZH, ZT, and ZU and about the ZH, ZT, and ZU connection points of the 
electrical lines shown as extending from internal circuitry 2701 to components ZH, ZT, and ZU 
in the circuitry of Fig. 21 apply here to components Zl - Z5 and the electrical lines illustrated as 
connecting circuitry 2801 to components Zl - Z5 in the circuitry of Fig. 22. 

[0232] Internal circuitry 2801 is also connected to the Vll low voltage supply. Circuitry 2801 
may be connected to the Vll supply by multiple paths. As with earlier internal circuitry 2601, 
circuitry 2801 may be connected to the Vhh high voltage supply by multiple paths separate from 
those going through impedance components Zl - Z5. These supply-voltage paths are arranged 
symmetrically in circuit 2801, Consequently, circuitry 2801 is internally symmetrical and is 
symmetrically configured relative to varactors CI and C2. Examples of the symmetrical nature 
of circuitry 2801 are presented below in connection with Figs. 23a and 23b, 

[0233] Control system 272 in the circuitry of Fig. 22 is configured with respect to, and controls, 
varactor CI in the same way as in the circuitry of Fig. 21. The same applies to varactor C2. 
Hence, voltage source 278 provides body voltage Vb on low-bias control line 242 to body 
electrodes 1 16 of varactors CI and C2, Voltage source 278 is here connected to the Vll low 
voltage supply by way of an electrical line 284. 

[0234] Similar to the circuitry of Fig, 18, the second ends of the CI and C2 capacitance signal 
paths terminate at the Vll low voltage supply in the circuitry of Fig. 22. The CI capacitance 
signal path in Fig. 22 specifically consists of high-bias capacitance signal path line 236, CI plate 
electrode 1 14, CI body electrode 116, control line 242, voltage source 278, and electrical line 
284. The C2 capacitance signal path similarly consists of high-bias capacitance signal path line 
262, C2 plate electrode 1 14, C2 body electrode 1 16, line'^2^ voltage source 278, and line 284. 
Gate electrodes 1 12 of varactors CI and C2 are again outside the capacitance signal paths. 

[0235] Also similar to what was said above about the circuitry of Fig. 18, varactors CI and C2 in 
the circuitry of Fig. 22 can alternately be considered to be in a single capacitance signal path that 
bypasses voltage source 278. The single capacitance signal path then consists of high-bias path 
line 236, CI plate electrode 1 14, CI body electrode 1 16, control line 242, C2 body electrode 
1 16, C2 plate electrode 1 14, and high-bias path line 262 just as in circuitry of Fig. 18. Gate 
electrodes 112 are outside the single capacitance signal path in the circuitry of Fig. 22. 
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10241] Impedance components Z3 - Z5 are each of i^rr,oi 

23a In nth.r a of largely zero impedance in the VCO of Fie 

zja. In other words, comDonent<; 7^ 7<: ■ . . v^^ing. 
, "'"P°"«"is ZJ - Z5 are simply electrical lines in thi^ vrn r 

. v„,.a,e.op V...,e.f.e,„,e,.ero. A,3„, eac. „rp,a.e vol^riandt ^ 
sub.,an,ially h,gh supply voltage V„„ i„ ,he VCO of Fig. ,9a. 

[02421 Voltage setter;2^s implemented as a p-n diode D2 which couples the V 

upper ends of inductors LI and L2 <i.n u . ^ '"^P^^ ^'^^ 

Vp of 0 5 0 9 V ^ voltage drop 

vfoiu.5-0.9V, agamtypicallyO? V DinHpnOo^^ ecurop 

spcciflc va,ue of diode dTp V, As „i«, dL D """"" '° 

increasing ,he si. of cu„eL ol ""^ " *^ 

^ • ^° '''''^^^^^ ^"^ent causes voltaee V. to ,n.r 

voyage Vop and ,s largely seBer vCage d„p Vvs and U,„s equals Vp Each of DC „, , 
voLages Vp and Y„ is largely fixed at V„„ - Vp. 

t«243, The VCO of Fig. ,3a operales in „e following banner. When high supply „o,.ge v 
.s raised ,o a sufflicien.ly high value above low supply voltage V ,h. vrv. k 
Plate-to-body bias voltages V »„d v '° 
y .as voltages V» and V„ are controlled in the manner described above in 
connectton with the general circuitry of Pig. 2,. Accordingly, the VCO of F^ 23 
oscillator signal <„ot specifically .ndtcated, fto. the drain of ^ " 02 ! T " 
fi«luency fc given by Eq. 42. °1 ftT QI or Q2 at oscillator 

S ppy voltage V„„, ,.e.. to w,th,n antoun, Vv of voltage Vhk, in the VCO of Fig 22 

uuwn 10 zero. End-range values Vd ux^a \r c ^ 
ar-Vv-VpandV V T k ^ """"^^ ''^P^^ively 

Vp and V„H - V,, - Vp where Vf again is 0.6 - 0.7 V, typically 0.7 V. 

10245, Fig 23b depicts another VCO itnplententation of the circuitty of Fig 22 Except as 
descnbed below, the VCO of Fig. 23 contains varactot. G, »d C2Ls 01 and o7 H 

U.dU,a„dcu.ntsource,,configuredandoperablethesa„;::hTv«!f^«^^^^^^^^ 
Hence, mtemal circnitt-i/ 9»nT o • • 'S- ^->a. 

, iciiMi circuitry 2801 again consists of FETs Ol anH no 

i.pcdanceco.po„e„.sZlandZ2are,.plen.entcdI:dr"~^ 
[0246] In place of diode D2, voltaee settf-r 774 io • . 

enbance„e„t-„ode,nsulate.gater;:nt~^^^^^ 

ui rig. zjD. 1 he source of FET Q3 is 
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value that can be achieved for area Ap with that set of design rules. This facilitates achieving a 
high Ai/Ap area ratio and thus a high Cvmax/Cvmin varactor capacitance ratio. 

[0257] A layer 290 of dielectric material overlies field insulating region 134 and semiconductor 
islands 136 and 138 above gate electrode 1 12 in the varactor of Figs. 24 and 25. Plate electrode 
1 14 contacts plate region 102 through a plate contact opening 292 extending through dielectric 
layer 290. Body electrode 1 16 contacts body contact portion 132 of body region 100 through a 
group, ^M^in the exemplary layout of Fig. 24, of body contact openings 294 extending through 
layer 290. Body contact openings 294 are distributed relatively uniformly across the lateral area 
occupied by body contact portion 132 to provide uniform electrical connection to body region 
100. A gate contact opening 296 extends through layer 290. An electrical conductive gate line 
298, typically consisting of the same metallic material as plate electrode 114 and body electrode 
1 16, contacts gate electrode 112 through gate contact opening 296. 

[0258] Fig. 26 depicts a layout, in accordance with the invention of another preferred 
implementation of the n-channel varactor of Fig. 8. The layout of Fig. 26 is directed toward 
improving the varactor*s quality factor. Fig. 27 illustrates a cross section of the n-channel 
varactor of Fig. 26 taken along a vertical plane extending through plate region 102. Except as 
indicated below, the varactor of Figs. 26 and 27 is arranged the same as the varactor of Figs. 24 
and 25. 

[0259] In the varactor of Figs. 26 and 27, plate region 102 consists of a main plate portion 102M 
and one or more, normally at least two, finger portions 1 02F which are continuous with, and 
extend laterally away from, main plate portion 102M. As viewed generally perpendicular to 
upper semiconductor surface 106, main plate portion 102M is roughly square shaped in the 
exemplary layout of Fig. 26. Nonetheless, plate portion 102M can have other lateral shapes. For 
example, plate portion 102M can be rectangular, octagonal, hexagonal, circular, and so on as 
viewed perpendicular to upper surface 106. 

[0260] Each finger portion 102F extends into semiconductor material that would otherwise form 
part of body region 100 in semiconductor island 136. Accordingly, each finger portion 102F 
meets body region 100 to form part of p-n junction 104. When there are two or more finger 
portions 102F in the varactor, portions 102F are distributed laterally around main plate portion 
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